The local order around Mn atoms in the Mn-implanted Si samples, with ferromagnetic properties, has been investigated by use of x-ray-absorption spectroscopy techniques. Analysis of both extended x-ray-absorption fine structure and x-ray absorption near-edge structure spectra clearly indicates that Mn ions are located neither in the substitutional nor in the interstitial position in the Si lattice, but depending on how the samples were prepared, they have five to eight near neighbors. Mn-doped III-V and II-VI compounds forming diluted magnetic semiconductors ͑DMSs͒ have been extensively investigated in pursuit of ferromagnetic materials, which can be used in spintronic devices.
Mn-doped III-V and II-VI compounds forming diluted magnetic semiconductors ͑DMSs͒ have been extensively investigated in pursuit of ferromagnetic materials, which can be used in spintronic devices. 1 On the other hand, Si-based DMSs have not been fully examined despite the advantage that any potential spintronic device based on silicon would be easy to integrate with the existing technologies. Among Si-based DMSs, those implanted with Mn appear to be particularly promising materials. Bolduc et al. 2 have discovered that the Mn-implanted Si samples are ferromagnetic and have a Curie temperature ͑T C ͒ higher than 400 K.
There are several reports devoted to Mn + implanted within a silicon matrix. They are mainly focused on the concentration of Mn atoms. Egamberdiev and Adylov 3 showed that concentrations of manganese and oxygen atoms are anticorrelated, which suggests that Mn ions do not bond with oxygen and do not form oxides. Francois-Saint-Cyr et al. 4 measured the dependence of Mn diffusion on annealing temperature, showing that Mn atoms tend to diffuse to the surface if the temperature is higher than 770°C. However, the local surroundings around the Mn atoms in such systems is still unresolved.
This Brief Report shows the results of the analysis of x-ray-absorption spectra of Mn + implanted into Si samples. This technique is sensitive to one ͑selected͒ atomic species only and provides important information about the atomic and electronic structures.
To obtain information on the influence of sampleprocessing conditions on the location of implanted Mn in Si crystals, three kinds of ͑001͒ oriented Si:Mn samples were prepared by Mn + implantation into Si. The first one, marked by sim0, was prepared by implantation into Fz-Si ͑grown by the floating zone method͒ and the two others, marked by sim1 and sim3, were prepared by Mn + implantation into Cz-Si ͑grown by the Czochralski method͒. The Mn + ions with the energy of 160 keV were implanted into Si to a dose of 1 ϫ 10 16 cm −2 or, in the case of sim3, 1.2ϫ 10 16 cm −2 . The temperature of the Si substrate at implantation was kept at 340 K for sim1 and sim3, while it was set at 610 K for sim0. The projected Mn + ion range in the implanted samples was about 100 nm. Interstitial oxygen concentrations in Fz-Si and in Cz-Si samples were ഛ1 ϫ 10 17 and 9 ϫ 10 17 cm −3 , respectively. Detailed structural characteristics of the samples as well as their magnetic data were reported elsewhere. 5, 6 The x-ray-absorption near-edge structure ͑XANES͒ and extended x-ray-absorption fine structure ͑EXAFS͒ spectra were measured for all studied samples at the A1 station, Hasylab, Hamburg. The two-crystal Si ͑111͒ monochromator at the A1 station ensures a resolution of ⌬E / E =10 −4 . Measurements were carried out at the Mn K edge using the x-ray fluorescence detection method and a seven-element silicon detector. The samples were cooled to liquid-nitrogen temperature to minimize thermal disorder. Additional reference spectra of metallic Mn foil and Mn oxides were measured in the transmission mode.
Very little difference was found between the XANES spectra for all investigated samples; therefore, only one will be shown. The first step of XANES analysis was a comparison with the experimental spectra of manganese oxides and pure Mn metallic foil ͑Fig. 1͒. The difference between the spectra is substantial, which shows that Mn atoms form neither metallic nor oxide inclusions in the Mn-implanted Si samples. Moreover, the assumption that only a part of the Mn atoms oxidize or that the Mn atoms form different oxides FIG. 1. XANES spectra for measured sample, metallic Mn, and MnO 2 . The pronounced differences in the shape of the spectra allowed us to exclude the formation of oxides by implanted ions.
can also be ruled out since the first maxima in the reference spectra are shifted toward lower energy with respect to the experimental spectrum. This remains in agreement with the observation made from the Rutherford backscattering measurement showing that the maximum of manganese concentration is correlated with a minimum of oxygen concentration in similar samples. 3 The FEFF 8.2 code 7 enabling theoretical calculation of the x-ray absorption for different models was used in the estimation of the possible surroundings of the implanted Mn atoms. The Hedin-Lundqvist exchange correlation potential as well as the self-consistent-field, the XANES, and the full multiple scattering cards were applied in all cases. The cluster radii of 10 Å were used.
For the first set of XANES calculations, a perfect silicon matrix was used as a base. For the first model, the central Si atom was replaced by one Mn atom ͑substitutional model, Mn Si ͒. For the second model, the Mn atom was located in the interstitial position. As can be seen in Fig. 2 , the calculated spectra of Mn Si and Mn interstitial differ significantly from the experimental spectrum. Therefore, in the next set of calculations, the possibility for the formation of Mn x Si y inclusions was examined. In particular, crystallographic data for MnSi, 8 Mn 4 Si 7 , 9 and Mn 12 Si 26 ͑Ref. 10͒ were used. In the case of compounds where Mn atoms are located in several nonequivalent sites, the calculations were performed for all of them and averaged with appropriate weights depending on the site symmetry. The obtained results are shown in Fig. 2 . None of the considered compounds resembles the observed shape of the spectrum. The measured spectrum is broader and without fine structure, which should be observed in the Mn-Si compounds. Due to the fact that in EXAFS analysis only the scattering amplitudes and phases and some starting geometry of atom positions are important, we have used the MnSi compound as a starting model for further analysis.
The ARTEMIS and ATHENA programs, 11 using the IFEFFIT data analysis package, were applied in the analysis of the EXAFS data. As can be seen in Figs. 3͑b͒-3͑d͒ , only the first shell is clearly visible for all of the experimental samples, suggesting high structural disorder or even a lack of longrange structural order around Mn atoms. A difference in the shape of the first peak suggests that the average Mn surroundings varies between the samples.
Analysis of each spectrum was carried out in the same manner. Only the first shell was considered. The coordination number ͑N͒ and passive electron reduction factor ͑S 0 2 ͒ cannot be fitted together. In order to break the correlation between them, one of these parameters had to be fixed. Since the XANES analysis showed that the number of nearest neighbors is not determined, it seemed justified to fix S 0 2 at some reasonable value such as 0.9, introducing an additional error in the value of N of about 10%.
The fitting procedure was started by using only single scattering paths on Si, Mn, or O atoms. Other paths were then added. In all the cases, the introduction of the oxygen paths led to unphysical parameters or resulted in serious deterioration of the fit. Considering only Mn as the nearest neighbor also led to unphysical results. Finally, the silicon paths were used. The results of the fitting procedure are collected in Table I and the final fit in the R space is shown in Figs. 3͑b͒-3͑d͒ . The third cumulant ͑parameter of asymmetry in the distribution of neighboring atoms͒ was introduced for some paths to improve the quality of the fit. Two scattering paths on silicon atoms and one on manganese were necessary to obtain a reasonable fit to experimental data for sim0. In the case of sim1 and sim3, one silicon path was sufficient.
It follows from the EXAFS analysis that in sim0, the sample prepared by the floating zone method followed by Mn ion implantation on a heated substrate, the manganese atoms formed clusters with 6-8 atoms located in the first coordination sphere in three subshells. In the case of crystalline MnSi, the first subshell ͑see Table I͒ has one atom at a distance of 2.31 Å, the second subshell has three at 2.4 Å, the third subshell has three atoms at 2.54 Å, and finally the fourth subshell contains six Mn atoms at a distance of 2.80 Å. For sim0, we found an average of 4.7 atoms at a larger distance of 2.45 Å in the first subshell, and for the second subshell we found 1.9 atoms at a distance of 2.59 Å. The largest difference was found in the third subshell with 1.5 Mn atoms at the distance of 2.71 Å. These results suggest that Mn in this sample exhibits a tendency to form a structure to some extent similar in coordination to that in manganese silicides such as MnSi, but due to the low concentration of Mn, the full structure cannot be completed. It seems highly probable that the Mn atoms introduced into the Si structure with high kinetic energy were stopped in a highly defected Si matrix, attracting five to seven Si atoms and started to form a manganese silicide compound.
For sim1 and sim3 samples, EXAFS analysis did not confirm the location of Mn in the neighborhood of the central absorbing Mn atom; only about five to eight Si atoms at distances of 2.42-2.43 Å were found. Therefore, we conclude that the changes in the dose of implanted Mn ions do not influence the Mn location, but rather it is the heating of the substrate during the implantation, which results in the forming of a more ordered structure around the implanted Mn ions.
Comparison of the atomic order around implanted Mn in the investigated samples with their magnetic properties, reported for the same samples in Refs. 5 and 6, indicates that the presence of a second Mn atom in the vicinity of the central Mn, as observed in sim0, enhances the ferromagnetic properties. The coercive field for sim0 was equal to 100 Oe and the weak temperature dependence of this field indicated that T C exceeded 300 K. The two other samples we investigated exhibit a very weak ferromagnetic order at 5 K. It is well established that the spin dependent hybridization between anion ͑group IV͒ p and Mn d states leads to superexchange and a short-range antiferromagnetic coupling among the Mn moments. 12 Nevertheless, it has been found, by the model calculation, 13 that the pairs of Mn spins coupled to the matrix valence band states have a lower energy in the ferromagnetic configuration than they would have in the antiferromagnetic one. Contrary to the results presented by Bolduc et al., 2 we did not observe an influence of the conductivity type and concentration of carriers in the initial nonimplanted silicon on the magnetic ordering; therefore, this suggests that the magnetism in Mn-implanted Si may be of other origin than hole mediated. The model considered by Wolff et al., 14 which assumes carriers localized on impurities forming bound magnetic polarons with ferromagnetic coupling, seems to provide a better explanation. Obviously, this requires further investigation; of particular interest would be studies of the structural order in samples with well-known magnetic and electrical properties.
In summary, the analysis of XANES and EXAFS spectra proved that Mn ions implanted into bulk silicon do not form either metallic or oxide inclusions. Moreover, the models assuming the location of Mn in the substitutional or interstitial position in the Si lattice, as was suggested in Ref. 15 , result in theoretical spectra different from the experimental ones. Both XANES and EXAFS spectra are in reasonable agreement with the model, which assumes the formation of clusters with short-range order close to strained and defected Mn-Si compounds with five to eight near-neighbor atoms. Clusters formed in the sample with Mn implantation performed on a heated substrate, sim0, show the local order closer to that in the Mn-Si phases. This sample also exhibits better magnetic properties than the other samples investigated.
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